Background: Individual magnetic resonance imaging (MRI) disease severity measures, such as atrophy or lesions, show weak relationships to clinical status in patients with multiple sclerosis (MS).
Results:
The MRDSS score averaged 5.1 (SD, 2.6). Baseline MRI and EDSS correlations were moderate for BPF, T1:T2, and MRDSS and weak for T2LV. The MRDSS showed a larger effect size than the individual MRI components in distinguishing patients with the relapsingremitting form from those with the secondary progressive form. Models containing either T2LV or MRDSS were significantly associated with disability progression during the mean (SD) 3.2 (0.3)-year observation period, when adjusting for baseline EDSS score. r e s o n a n c e i m a g i n g (MRI)-based brain atrophy and lesion measures serve as markers of the damage that occurs in multiple sclerosis (MS) but show weak relationships to clinical status or progression. 1 Conventional MRI-based measures of lesions do not capture diffuse white matter pathological changes 2 and plateau with advancing disease. 3 Measures of atrophy rely on capturing downstream destructive effects, rather than early focal changes. 4 Individual MRI measures are also limited by the lack of specificity. 5 Composite MRI measurements offer a new approach to link MRI with clinical or therapeutic outcomes. [6] [7] [8] [9] Our goal was to describe the severity of brain MRI involvement by a novel combination of 3 measures: (1) T2 hyperintense lesion volume (T2LV), (2) the ratio of T1 hypointense lesion volume (T1LV) to T2LV (referred to as T1:T2), and (3) whole-brain atrophy (normalized whole-brain volume).
There are 5 aspects to the rationale behind choosing these measures. First, they have relatively low collinearity to ensure the inclusion of separate disease components. Second, they capture 3 relevant aspects of the disease: overt lesions regardless of underlying severity (T2 lesions), the destructive potential of lesions (T1:T2), and diffuse neurodegeneration. Third, these measures address the clinical-MRI paradox that has been noted in studies of MS. Fourth, we aimed to develop a scale measuring disease severity, not activity. Thus, gadolinium-enhancing lesions were not included. This is analogous to the Expanded Disability Status Scale (EDSS), which measures current severity rather than relapses or acute activity. 10 Fifth, we chose a priori to equally weight the components to ensure that the scale was descriptive of the cerebral state and could be used for many different potential comparisons. We refer to this composite as the Magnetic Resonance Disease Severity Scale (MRDSS). We tested the validity of the MRDSS vs clinical status in a 3-year longitudinal study of patients representing a wide range of disability, disease duration, and clinical phenotype.
METHODS
We retrospectively identified 103 patients ( We used template-driven segmentation with partial volume correction 16 to determine whole-brain T2LV and brain parenchymal fraction (BPF) (an estimate of whole-brain atrophy) 17 from the dual-echo T2-weighted images. 16 Although fluid attenuation inversion recovery images would likely have yielded a higher lesion load than dual-echo T2 images, we have not yet developed an automated segmentation method for fluid attenuation inversion recovery and thus relied on our established method. The presence of T1 hypointense lesions (black holes) was determined by consensus of 2 trained observers (including M.N., J.S., and A.A.) 18 and showed at least partial hyperintensity on T2 images but no gadolinium enhancement (to reduce the likelihood of including transient lesions). 19 Template-driven segmentation with partial volume correction achieves an intraclass correlation of 0.994, interscan coefficient of variation of 4.98%, and mean (SD) volume bias of 0.01 (0.68) mL. 16 Our T1LV measurement shows intraobserver and interobserver coefficients of variation of 1.7% and 4.5%, respectively. 18 In the current cohort, MRDSS achieved intraobserver and interobserver coefficients of variation of 2.3% and 4.4%, respectively.
All calculations necessary to derive the MRDSS score from the MRI data were scaled with the use of the cohort studied, not from external data. The MRI data were rounded to 2 decimal places. When nonrounded data were used instead, the results did not change (data not shown). We did not use absolute T1LV for the MRDSS because of high collinearity with T2LV (r=0.79). Because the distributions of T2LV and T1:T2 were skewed, log (T2LV) or logistic (T1:T2) transformation was performed. The T2LV, BPF, and T1:T2 were then standardized (z*) by subtracting the mean and dividing by the standard deviation. The individual components of the MRDSS had only moderate intercorrelation with one another, both before and after transformations (r=0.53-0.58). Patients with zero T1LV were not included in the normalization but were assigned a value more extreme (−2.5) than the most extreme nonzero standardized T1:T2 (−1.92), similar to the MS Functional Composite. 20 We selected the more extreme value because patients with zero T1 hypointensities have meaningfully less severe disease than patients with a small amount. The value −2.5 approximated the magnitude of the difference between the 2 smallest 
mean]/standard deviation). Each subject's composite value was then transformed to a continuous 0 to 10 MRDSS score (zero is lowest severity). Spearman correlation or the Wilcoxon rank sum test assessed the association between baseline MRDSS score and other variables. Univariate logistic regression tested the association between baseline MRI (BPF, T2LV, T1:T2, and MRDSS) and 3-year clinical progression. Multivariate regression controlled for covariates. The area under the receiver operating characteristic curve investigated the predictive ability of the model. The 95% confidence interval for the area under the curve was the percentiles of a bootstrap distribution. 21, 22 Comparing the MRDSS with the raw MRI data demonstrated the value of the MRDSS over conventional approaches, whereas comparisons with standardized scores investigated the effect of combining measures into a composite scale. PϽ.05 was considered significant.
RESULTS
The distribution of MRDSS scores is shown in Figure 1 , Table 1 , and Table 2 , and representative MRIs are shown in Figure 2 . During follow-up, 24 patients developed sustained progression of disability (Table 1) ; this included 3 of 12 patients (25%) who were not receiving disease-modifying therapy.
Baseline MRI-EDSS comparisons showed moderate correlations for BPF (r = −0.47, P Ͻ .001), T1:T2 (r = 0.46, PϽ.001), and MRDSS (r=0.48, PϽ.001) and weak correlation for T2LV (r=0.25, PϽ.01). The MRI correlations with disease duration were either weakly significant (BPF) or nonsignificant (T2LV, T1:T2, MRDSS) (data not shown). All MRI measures differed between the RRMS and SPMS groups, but more so for MRDSS (Table 2) .
When adjusting for baseline EDSS score, only MRDSS and T2LV showed a significant association with clinical progression (Table 3) . Standardized T2LV showed a closer association with clinical progression than did nonstandardized T2LV, indicating that standardization contributed to the improvement in MRDSS vs individual MRI measures. In the receiver operating characteristic curves for the ability of MRI to predict clinical progression, both T2LV and MRDSS showed higher areas under the curve than did BPF or T1:T2 (Table 3 ). The unstandardized T2LV showed the highest area under the curve (best predictive ability), but the 95% confidence interval overlapped with the 95% confidence intervals for standardized T2LV and MRDSS (Table 3 ). Adding disease duration as a covariate or using the standardized vs raw EDSS score did not affect the models (data not shown).
COMMENT
The MRDSS encompasses 3 equally weighted wholebrain MRI measures of lesions and atrophy. T1 hypointense lesions are expressed as a ratio to T2LV because only a subset of T2 hyperintense lesions are T1 hypointense (particularly destructive lesions). 24 We have developed and tested this scale in a 3-year longitudinal MS cohort with a wide range of disease duration and disease severity, including minimal, mild, moderate, and severe physical disability. The MRDSS has concurrent validity when compared with clinical status. It showed the largest effect size in differentiating the RRMS and SPMS groups compared with the individual MRI components. The MRDSS predicts the risk of developing sustained progression of physical disability 3 years later. However, the MRDSS offers only a modest improvement compared with current metrics.
Although the individual MRI measures also had some association with disability, the MRDSS showed the unique combination of both concurrent and predictive validity. For example, although baseline MRDSS, BPF, and T1:T2 were moderately correlated with baseline EDSS score, T2LV showed a weak correlation. Furthermore, BPF and T1:T2 were not significantly associated with clinical progression in the regression modeling. In the receiver operating characteristic analysis based on the regression models, all of the confidence intervals were wide, but the estimates were largest for T2LV, followed by MRDSS. Although these findings support the utility of the MRDSS, it is likely that our sample is too small to ensure generalizability, ie, the 0 to 10 scaling of the MRDSS derived from the current cohort may not apply to a larger population.
This was not a natural history study because most patients were receiving therapy during the observation period, which could affect some MRI measures differently and confound the results. Disability progression was defined by EDSS worsening, which is limited by nonlinearity, variability, and heavy weighting toward ambulation. 10 Future studies should test the MRDSS in a larger sample size and assess whether it is related to other clinical manifestations such as cognition.
Previous MS studies combined brain MRI data into composite or multiparametric assessments. The z4 composite 6, 8, 9 combines T2LV, T1LV, BPF, and gadoliniumenhancing lesions. In a follow-up study of patients with RRMS or SPMS, the z4 at 3 months predicted the change in physical disability (PϽ.02). 6 Correlations with EDSS were not reported, nor was it reported whether the z4 had better association with clinical change than did the individual MRI measures. In a cross-sectional study of patients with RRMS, z4 differentiated patients who had been stable, worse, or improved during the previous 2 years; however, brain atrophy showed a stronger association with clinical status than did z4. 8 There are notable differences between our MRDSS and the z4. First, we did not include gadolinium-enhancing lesions as part of the scale, based on the rationale presented in the introduction to this article. Second, gadolinium enhancement poorly predicts sus- 
